In the Pacific Northwest, widespread stream channel simplification has led to a loss of habitat area and diversity for rearing salmon. Subsequent efforts throughout the Columbia River basin (CRB) have attempted to restore habitats altered through land development to recover imperiled salmon populations. However, there is scant evidence for demographic change in salmon populations following restoration. We used a process-based approach to estimate the potential benefit of floodplain reconnection throughout the CRB to Chinook salmon (Oncorhynchus tshawytscha) parr. Using satellite imagery, we measured stream habitats at 2093 CRB stream reaches to construct random forest models of habitat based on geomorphic and regional characteristics. Connected floodplain width was the most important factor for determining side channel presence. We estimated a current CRB-wide decrease in side channel habitat area of 26% from historical conditions. Reconnection of historical floodplains currently used for agriculture could increase side channel habitat by 25% and spring Chinook salmon parr total rearing capacity by 9% over current estimates. Individual watersheds vary greatly in habitat factors that limit salmon recovery, and large-scale estimates of restoration potential like these are needed to make decisions about long-term restoration goals among imperiled populations.
Introduction
Throughout decades of declining salmon abundance in the Pacific Northwest, managers have taken considerable mitigation actions including hatchery operation, improved fish passage, and habitat restoration. Increasingly, hatchery programs are viewed skeptically, as their record as conservation tools is mixed (Naish et al. 2008) . Mainstem river dam passage survival has substantially improved in recent years (Skalski et al. 2016 ), but recovery of Chinook salmon (Oncorhynchus tshawytscha) and other freshwater dependent salmon species has remained slow or nonexistent (NOAA 2016a (NOAA , 2016b , expanding the number of evolutionarily significant units (ESU; Waples 1991) listed under the United States Federal Endangered Species Act (ESA). Currently, nearly all springrun Chinook ESUs in the Columbia River basin are listed as either threatened (Snake River, Lower Columbia River, Upper Willamette River) or endangered (Upper Columbia River).
Evidence of density dependent growth and survival of juvenile salmon in freshwater habitats, despite historically low adult abundances, has brought renewed focus on the condition of tributary habitats where spawning and primary rearing occur (Walters et al. 2013b; ISAB 2015; Bal et al. 2018 ). In addition, ESA listing recovery plans often indicate habitat degradation as a primary factor in declines in abundance, resulting in billions of dollars spent on restoration actions to date (Bernhardt et al. 2005; National Marine Fisheries Service 2018) . Despite this immense investment, observed demographic responses to restoration actions are limited ) because of inadequate monitoring, insufficient habitat actions , or survival limitations at other life stages.
Recently, there has been a call for process-based approaches to stream restoration, which rely on re-establishing the appropriate functions of a stream and eventually the potential diversity of habitats and biota, given the constraints of the morphology and hydrology of the system . Therefore, processbased restoration may seek to address the ultimate causes of stream degradation, rather than more proximate limitations on fish growth and survival. For example, floodplain reconnection may lead to channel and habitat complexity that is more persistent than engineered mainstem habitats.
Ecologists and fisheries resource managers have long recognized the value of habitat diversity for successive life stages of salmonids (Kiffney et al. 2006; Bisson et al. 2009 ). We observe ontogenetic shifts in habitat preference as the relative value of those environments changes with an individual's size, age, and physiological state (Bisson et al. 1988; Rosenfeld and Boss 2001) . Further, studies have begun to demonstrate the demographic benefits of increased stream complexity for juvenile salmonids with extensive stream rearing (e.g., Chinook salmon; coho salmon, Oncorhynchus kisutch) (Morley et al. 2005; Rosenfeld et al. 2008; Bellmore et al. 2013) . Therefore, stream habitat restoration occurs with an understanding that functioning freshwater habitats can promote increases in survival at all life stages of Chinook salmon (Quinn and Peterson 1996; Sommer et al. 2001; Ebersole et al. 2006) . Implemented restoration actions vary widely in their scope, from in-stream wood placement and riparian plantings to improving seasonal access and flow, channel reorganization, or reclamation of floodplains (Roni et al. 2002; Bennett et al. 2016 ). However, the value of these actions for fish will depend upon the spatial scale of the restoration, the state of other components of the ecosystem, the persistence of the action, and the life history of the target population.
Although stream habitat complexity can be measured at small scales (e.g., streambed rugosity, large woody debris) or large (e.g., island braided channel networks), the hydrology and geomorphology of the system will determine the large-scale channel heterogeneity on which other attributes may further filter the rearing potential of a stream (e.g., primary productivity, predation, competition, etc.) . Unfortunately, urbanization and agricultural development have resulted in simplification of stream channels by truncating floodplains, removing riparian vegetation, or moving streambeds (Sedell and Froggatt 1984) . These processes restrict the ability of streams to produce their historical suite of habitats and biota (Allan 2004) . In addition to a loss of multithread channel structure, mainstem channels can lose function by becoming either over-widened or incised (Kondolf et al. 2002; Beechie et al. 2006; Pollock et al. 2007; White et al. 2017) . Therefore, to understand the potential value of widespread floodplain reconnection, we need estimates of the amount of existing habitat and its restoration potential. In the Columbia River basin (CRB), habitat modeling work has indicated that in areas with intact floodplains, channel pattern can be predicted from a few geomorphic and hydrological attributes (Beechie and Imaki 2014) , validating the efficacy of estimating the historical state of streams in the CRB at large spatial scales with a fine resolution.
To make effective management recommendations about the relative benefit of various restoration scenarios affecting stream habitats, each resulting habitat type must be weighted by its value to the life stage of interest. Traditionally, habitats are weighted by capacity or the maximum density of individuals that can be expected to reside in the habitat at that life stage, called habitat capacity. This forms the mechanism for identifying nursery habitats (Beck et al. 2001 ) and has been used in a number of studies to evaluate both habitat loss and the restoration potential of salmonid habitats (Beechie et al. 1994 (Beechie et al. , 2012 Bartz et al. 2006 ). An advantage of this approach is that it creates a snapshot capacity, or index, that can be compared among regions and restoration projects. Habitat capacity estimates may also benefit a limiting factors analysis with life-cycle models that track abundance and survival throughout the life cycle (e.g., Scheuerell et al. 2006) . Unfortunately, habitat capacity estimates for CRB Chinook salmon have not been produced at a scale needed for widespread restoration planning or comparison among restoration options.
Here, we employed satellite image-based measurements and empirically derived geomorphic attributes of stream habitats throughout the CRB to estimate the contribution of side channel habitats to juvenile salmon rearing area. We then computed spring-run Chinook salmon habitat capacity for each stream reach. We chose to estimate the side channel presence and restoration potential, because floodplain habitats are extensively used by juvenile salmonids and are not well quantified by currently available GIS-based stream networks. Additionally, geomorphic controls on side channel habitat have shown their potential to be modeled at large spatial extents with a fine grain (Hall et al. 2007; Beechie and Imaki 2014) . Finally, floodplain reconnection is a prominent, yet costly, restoration tool for imperiled streamrearing salmon populations (Barnas et al. 2015) , though the potential demographic benefit of widespread floodplain reconnection has not previously been estimated.
Methods

Methods overview
To estimate the parr (young-of-the-year juvenile) Chinook salmon rearing capacity of Columbia River tributaries, we used geomorphic characteristics of stream reaches to extrapolate measurements of stream habitat area and condition from a large number of sample sites to the entire river network (Beechie and Imaki 2014; Hill et al. 2017 ). We measured habitat widths from recent satellite imagery at each of 2093 sample sites. We then used basinwide estimates of topography, hydrography, geology, precipitation, and land use to estimate the discharge, slope, sediment supply, sinuosity, and confinement of each stream reach. These attributes were used to predict mainstem stream habitat across the basin using a model that relates the variables driving channel planform (e.g., island-braided, meandering, etc.) to a stream's potential for providing high quality fish habitat (Beechie and Imaki 2014) . Throughout habitats currently accessible to anadromous Chinook salmon, we examined alternative restoration scenarios to identify subwatersheds in which floodplain reconnection would likely create and maintain increased side channel habitats.
For streams <8 m bankfull width (BFW), we assumed that all channels are single thread, as streams below this threshold do not have sufficient discharge and sediment supply to maintain side channels (Hall et al. 2007 ). In these small streams, we estimated pool and riffle area based on channel slope (Beechie et al. 1994 (Beechie et al. , 2001 . For larger river segments (>8 m wide) we estimated bank, bar, and midchannel areas, as well as side channel area ( Fig. 1) . Because of the importance of side channels in providing high quality rearing habitat and their vulnerability to floodplain modification (Morley et al. 2005; Bellmore et al. 2013) , we made additional estimates of side channel habitat area under estimated historical floodplain widths and a restoration scenario that improves floodplain connectivity in agricultural regions. After habitat unit areas were estimated, we applied capacity parr densities to each distinct habitat unit and then summed across all unit types to estimate reach-and basin-scale habitat capacities. Uncertainty in habitat-specific parr capacity densities led us to make three contemporary capacity estimates that each utilized independent parr density data sources with our modeled habitat area estimates. stream layer consists of two merged hydrography data sets: the National Hydrography Dataset Plus (NHDplus 2.10, mapped at 1:100 000 scale (US Geological Survey 2007 for US streams and The Watershed Atlas (mapped at 1:50 000 scale) for Canadian streams (Fig. 2) . The stream network is broken into 200 m segments, and each segment is designated small stream (<8 m BFW) or large river (>8 m BFW). We joined fish distribution data from the StreamNet Project (2012) to the stream layer, and reaches were designated as being accessible or inaccessible to spring Chinook salmon and whether they were utilized for rearing.
Habitat area estimates in small streams
In small streams (<8 m BFW), we estimated reach area as the product of the reach length and the estimated stream width (Beechie and Imaki 2014) . We accounted for heterogeneity in rearing habitat availability among reaches by estimating a pool to riffle ratio for each 200 m stream segment as a function of slope (Beechie et al. 2001 ). The pool/riffle ratio was used to estimate the proportion of pool and riffle habitat areas in each reach.
Habitat area estimates in large streams
Habitat measurement site selection
We used a generalized random tessellation stratified approach (GRTS; Kincaid and Olsen 2016) to draw a spatially balanced sample of reaches from the total of 243 544 large river (>8 m BFW) segments in the CRB. We stratified by land cover (five types), channel type (five types), and stream width (three types), resulting in 75 unique strata (Table 1) . Dominant land cover was assigned to each reach using a 250 m resolution continuous land cover data set for North America (Commission for Environmental Cooperation 2010; http://www.cec.org/tools-and-resources/map-files/landcover-2010-modis-250m). We aggregated the data set's land cover types into five classes (urban, cropland, grassland, shrubland, and forest) and calculated the dominant land cover class (class with highest frequency) that occurred in a 100 m radius of the midpoint of each stream segment. Using channel patterns predicted by Beechie and Imaki (2014) , we also stratified by the following channel types: straight, meandering, island-braided, braided, and confined. Finally, to ensure all stream sizes were represented we used estimated bankfull width (Beechie and Imaki 2014) to stratify by streams 8-20 m, 20-50 m, and >50 m BFW (Table 1) . We sampled 50 sites from all island-braided strata, where we expected to find the most side channel habitat, and for all other strata we sampled 25 sites or as many sites as were available for rare combinations (e.g., >50 m, braided, urban), totaling a sample size of 2093 reaches (Fig. 2 ).
Measurement of response variables
We measured habitat area at each of 2093 stream segments using the highest quality aerial satellite available from Google and Microsoft. We used an imagery integration extension (Arc2Earth) to view this imagery in ArcMap 10.3 and to digitize habitat characteristics. Satellite images were primarily taken during summer months between June and August. Although flow conditions, and thus wetted area, may vary among images, the relationship between main channel and side channel wetted area should be well maintained over the range of stream sizes and conditions evaluated. When we encountered images with snowfall or poor image Fig. 1 . Flow chart of habitat capacity modeling process. Grey boxes indicate random forest models, and dotted boxes indicate steps where we applied estimates to make decisions in branch direction or used established relationships to achieve outputs. All model outputs are in boxes with solid black lines. NHD, National Hydrography Dataset; BFW, bankfull width. quality obscuring habitats, we skipped that site and moved on the next site in our random draw of sites.
At each sample site we measured wetted habitat features along three transects. Measurement transects were drawn perpendicular to valley axis with 100 m spacing. Our validation exercises showed that measuring habitat features at three transects at this spacing adequately characterized a 200 m reach (see online Supplementary material S1-S3 1 ). Transects spanned the width of the valley floor, and wherever wetted habitat was crossed the width of the feature was digitized and stored in a geodatabase with a common reach identifier.
Our primary response variables were side channel width and mainstem wetted width, but other habitat features were also digitized including bankfull width, braids, off-channels (sloughs and backwaters), and ditches as well as historical and contemporary floodplain widths (Table 2) . We defined a side channel as an unmodified or minimally modified channel connected to the main stem on two sides and separated from the main stem by a vegetated island (Beechie et al. 2017) . However, we also included side channels that were disconnected from the main channel on one end because of flow levels when the imagery was taken. If the side channel was heavily altered or degraded from its natural state and not considered to be suitable salmonid habitat it was classified as a modified channel or ditch. Channels separated from the main stem by an unvegetated gravel bar were classified separately as braids (Beechie et al. 2017) . Habitat feature widths were digitized along the transect axis except for bankfull width, which was measured perpendicular to the direction of flow. Aside from the bankfull width metric, which spanned the entire width of the main channel including unvegetated bars and islands, only wetted habitats were measured; if a transect crossed a dry side channel or slough the feature was not digitized.
1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2018-0108. Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)
Estimate of predictor variables
We estimated side channel and mainstem habitat area for each reach in our large river network using geomorphic reach attributes calculated by Beechie and Imaki (2014) (Table 3 ) and additional metrics developed for this analysis. Variables developed by Beechie and Imaki (2014) include bankfull width, bankfull depth, slope, elevation, discharge, stream segment position in a reach, and sediment supply. Slopes and elevations were derived from a basin-wide 10 m digital elevation model (DEM) that was created by merging US (NED) and Canadian (CDED) elevation data sets. Bankfull width, depth, and discharge were estimated based on DEM derived drainage area and mean annual precipitation models (PRISM, ClimateBC). We used two sediment supply surrogates that were derived from flow accumulation, drainage area in alpine terrain, and flow accumulation weighted by fine sediment source. For more detail on the calculation of these reach attributes, see Beechie and Imaki (2014) . We also considered the variable "ecoregion", assigned to reaches using EPA level III ecoregion classes.
We estimated historical floodplain width perpendicular to the valley axis by filling valley-floor polygons derived from a detrended DEM to 5 m above main-channel elevation (Beechie and Imaki 2014) . In many streams, however, floodplain width has effectively been reduced because of development and land modification. Therefore we developed an additional predictor variable of "contemporary" floodplain width, which was the historical floodplain truncated by "modified" land-use categories: urban, agriculture, and rangeland. Using a 30 m resolution land-cover data set and road layers (Homer et al. 2015 ) (LU2010 Agriculture and Agri-Food Canada, USGS National Transportation Dataset, Canada National Road Network), we mapped floodplain modification and used these modified zones to restrict the historical floodplain width assigned to each reach.
To make historical side channel habitat area predictions, we substituted the contemporary floodplain width used in model development with estimated historical floodplain widths and predicted side channel area for all stream segments. Although historical side channel area provides a useful benchmark, it is not a practical restoration target as floodplain is unlikely to be reconnected in urbanized areas, including paved roads. To estimate what salmon rearing habitat may be gained by reclaiming floodplains in less urbanized areas, we used the same procedure to estimate the side channel habitat area that could be gained by reconnection in areas where floodplains are currently restricted by rangeland, cropland, and unimproved roads.
Habitat models
Because our goal was to make accurate predictions of habitat area from the available data, rather than evaluate the statistical relationship of the factors governing or correlated with side channel habitat, we elected to use random forest prediction models instead of more traditional statistical approaches like binomial or gamma hurdle models. Random forest models work well with very large data sets that include many correlated predictors and, unlike classification and regression trees, are resistant to overfitting by constructing thousands of trees with a random subset of predictors, rather than a single large tree (Cutler et al. 2012 ). In addition, random forest models perform equally well for both classification (presence or absence of habitat) and regression (habitat amount). We used this approach to model four important aspects of fluvial habitats for rearing salmonids: mainstem wetted width, bank and bar edge amount, presence of side channel, and total amount of side channel (in areas with a predicted presence).
To estimate mainstem habitat area, we first modeled wetted widths for each stream segment using a random forest regression. The model included eight predictors: current floodplain width, sediment accumulation, discharge, bankfull width, bankfull depth, slope, sinuosity, and elevation. Predicted wetted widths were then multiplied by stream segment length to estimate total mainstem wetted habitat area.
To account for differences in juvenile salmonid capacity among mainstem edge habitats, we measured the bank to bar ratio of both banks at a subset of 70 sites throughout the CRB with satellite imagery. We then used a random forest model to estimate the bank to bar ratio for each 200 m stream segment. The random forest regression model included slope, historical floodplain width, current floodplain width, and sediment accumulation. The resulting bank to bar ratio was used to estimate the total stream edge length occupied by banks or bars in each reach. To estimate usable bank and bar area we used regressions of bar (eq. 1) and bank (eq. 2) width on total stream width developed from measurements of the Chehalis River in Washington State (T. Beechie, unpublished data).
(1)
where B rw is the bar width, B kw is the bank width, and W w is the predicted stream segment wetted width. Mainstem habitat area For personal use only.
not encompassed by bank and bar area was considered to be midchannel area, which is not preferred habitat by salmon parr and receives a unique density during fish capacity estimation. Following measurement of satellite imagery for side and off channel area at the 2093 sample sites, side channels were present in 35% of sites, while off channel habitats were found at 2% of sites. Low rates of the presence of any side or off channel habitat indicated that a hurdle model approach would be the most effective at estimating habitat areas (Potts and Elith 2006) . A hurdle model is used for count data, where separate processes may govern the presence and magnitude of the response and where the zeros cannot be effectively modeled with standard probability distributions (Martin et al. 2005) . Therefore, the presence and (or) absence is modeled first, and sites where the presence of habitat is predicted are placed into a second model to estimate the magnitude.
To construct predictive models, we created a binary classification of side and off channel habitats, 0 where no habitat was present, and 1 where any side or off channel was measured. Therefore, all of the 2093 sites were used to construct the classification model. We randomly selected 80% of sites to be included in training the model, with the remaining 20% reserved for testing model accuracy. To train the random forest model we included 12 predictors: current floodplain width, historical floodplain width, discharge, flow by precipitation, sediment, sediment accumulation, average elevation, watershed position, flow accumulation, ecoregion, slope, and hydrologic regime (Table 3) . We constructed models with the randomForest and caret packages in the R statistical software platform version 3.2.3 (R Development Core Team 2011). During the training phase we used 10-fold crossvalidation and tuned two parameters: the number of trees constructed and the number of variables randomly drawn to include at each tree node. We used the kappa tuning metric and evaluated the final model for balanced accuracy. Our final model included 2000 trees and two variables at each node. A second regression random forest model was constructed with only the 874 sites that had side channels present, using the same suite of predictors used in the side channel presence classification model. We used the same training procedure employed in the classification model but tuned the regression model by maximizing the receiver operating characteristic.
Once both models were sufficiently tuned, we used the classification model to predict the presence or absence of side channel habitat for all CRB stream segments. For all sites with a predicted side channel presence, the regression model was used to predict side channel area. The effect of floodplain width on side channel presence and area in our models allows for the prediction of side channels with a novel floodplain width. Therefore, to estimate historical side channel area and floodplain restoration potential, we made new predictions with both models where floodplain width was updated to historical or restoration width values.
Fish capacity estimation
A key uncertainty in translating habitat area to habitat capacity lies in choosing appropriate fish densities to populate each stream segment. Problems can arise with differences in scale between habitat estimates and fish density data that misrepresent capacity. Additionally, much of the empirical fish density data available has been collected at historically low abundances and may only characterize capacity at the smallest spatial scales. In light of these difficulties, we chose to apply three independent data sources of spring Chinook parr density to our modeled habitat areas at scales appropriate for each data source, effectively producing three separate capacity estimates. Width of floodplain assuming reclamation of cropland, rangeland, and small roads 1. A habitat expansion based on the total area of each habitat type multiplied by habitat-specific fish densities for small and large streams (Table 4 ). 2. A coarser expansion based on reach-level habitat characteristics, total wetted area of each large stream reach, and a quantile regression of observed reach-level fish densities in the CRB. 3. A single, empirically derived parr capacity estimate based on observed average fish densities from midsummer snorkel surveys in the Salmon River and total habitat area estimates for large stream reaches (Thorson et al. 2014 ).
We used densities from review and re-analysis of published and unpublished habitat specific capacities spring Chinook parr (T. Beechie and J.N. Thompson, unpublished data; Table 4 ). These data were derived primarily from repeated beach seining or electrofishing specific habitat types over a range of stream flows and spawner abundances in the Skagit River, the most abundant Chinook salmon population in the ESA listed Puget Sound ESU. Skagit River Chinook densities have been used in previous habitat capacity studies because of an abundance of habitatspecific juvenile densities derived from extensive monitoring in that system (Beechie et al. 2005a; Zimmerman et al. 2015) . The average maximum observed parr density was applied to each habitat type: side channel, mainstem bank, mainstem bar, mainstem midchannel, small stream pool, and small stream riffle.
The quantile regression approach is also an expansion approach, but the fish density data were for entire stream reaches and not separated by habitat type. Therefore, a single abundance and wetted area were used to calculate density. The Integrated Status and Effectiveness Monitoring Program (ISEMP) has been electrofishing stream reaches previously sampled by the Columbia River Habitat Monitoring Program (CHaMP) for several years. The ISEMP data have the advantage of being measured over a range of spawner abundances. However, the observed fish density at a given site may vary from zero to several fish per square metre over the period of record. Therefore, a mean or median density may not accurately reflect capacity. To account for these differences we used a quantile random forest procedure, which allows for the modeling of any percentile of fish density (Cade and Noon 2003) . We indexed the ISEMP sample densities for spring Chinook to the sites used in our habitat model construction and used the same suite of predictors to model fish capacity. We created and tuned quantile random forest models with the R package quantreg-Forest using similar tuning procedures to the habitat estimation. After tuning, we predicted the 90th percentile fish density for each stream segment and multiplied those densities by the sum of mainstem and side channel habitat for that reach.
Finally, we employed the spring Chinook capacity estimated from a hierarchical stock-recruit model of spawner and midsummer parr densities in the Salmon River (Thorson et al. 2014 ). Thorson et al. (2014) used decades of snorkel survey data to estimate an average capacity of 5200 parr·hectare -1 . To estimate capacity we multiplied the total habitat area (mainstem bars, mainstem banks, side channel) in hectares by 5200, regardless of reach characteristics or habitat types. Because of data limitations, both quantile regression and snorkel estimated capacities were made for streams greater than 8 m BFW only, and small streams were characterized by the pool and riffle specific fish densities.
Results
Habitat area prediction
We estimated large river (>8 m BFW) mainstem habitat areas with two random forest models, one for wetted width of the main channel and one for bank to bar edge habitat ratios. Regression of predicted versus measured wetted widths indicated that the wetted width model performed well, with slope near one and intercept near zero, and an R 2 of 0.86 (n = 419; Fig. 3 ). Estimated stream discharge was the most important variable in the model predicting wetted width (Fig. 4) . Bank to bar ratios were also relatively accurately estimated (regression slope and intercept near one and zero, respectively), but with lower precision (R 2 = 0.58, n = 70).
Off channel habitats were too rare in our data set to make useful landscape level predictions. Although the model had a high sensitivity (true positive rate, 99%), the specificity (true negative rate, 81%) led to vast overestimates of off channel habitat. While we measured only 46 sites with off channel habitat, our model predicted 407 sites with off channel habitat. In contrast, our model predicting the presence of any side channel had a balanced accuracy (correct positive and negative detections) of 75% when tested on the 20% of sites withheld from model development, although there was some bias between specificity (true negative rate, 86%) and sensitivity (true positive rate, 60%) of the classification. Overall, the model tended to underpredict side channel presence; 640 of 2093 reaches were predicted to have side channels, fewer than the 732 we measured. Floodplain width was the most important predictor in determining side channel presence (Fig. 5) with the prevalence of side channels increasing rapidly as floodplain width increased from 0 to 500 m, then remaining relatively flat with increasing floodplain width (Fig. 6) . The most important predictor in the side channel area model was river discharge (Fig. 7) . While floodplain width was less important in the model, side channel area increases with increasing floodplain width up to floodplain width of about 2 km (Fig. 8) . However, the largest effect of floodplain width on side channel area occurs in the first 250 m of floodplain width. A regression of predicted on measured total side channel area had an R 2 of 0.52, when predicting sites not included in model development ( Fig. 9) .
Across all HUC-8 watersheds (US Geological Survey level 8 hydrologic unit) containing spring Chinook (Table 5) we estimated approximately 45 270 hectares of contemporary juvenile rearing habitat. Contemporary side channel habitat comprises 13.6% of the total wetted habitat area. However, contemporary side channels comprise over 42% of the high value juvenile rearing habitat (i.e., all habitat excluding midchannel area). Across the CRB, the contemporary area of side channel habitat was 26% lower than historical estimates, although individual HUC-8's range from 0% to 78% loss in side channel area. Our model predicted that restoration of floodplain connectivity in rangeland, cropland, and areas currently restricted by small roads could increase side channel habitat by as much as 25% across the CRB, although individual HUC-8's could see increases of none to as much as 333% above current side channel area. . 7 . The relative importance of each input variable in predicting the average side channel width (m) at each reach where side channels were present. Importance is estimated from the gini impurity criterion based on the number of nodes that a given variable is included in the model. 
Fish capacity estimates
Estimates of contemporary Chinook parr capacity using the habitat expansion method varied substantially among watersheds, totaling 96.6 million parr across the entire currently accessible portion of the CRB (Table 5 ; Fig. 10 ). As a percentage of total reach production, contemporary side channel habitat accounted for 40% of total parr capacity, although the percentage varied widely among watersheds, from 0%-59% (Fig. 11) . The quantile random forest method of assigning capacity to each stream segment predicted fewer fish in most watersheds, but many more at a few sites (e.g., Middle and Upper Willamette). In total, the quantile regression method estimates a higher Chinook parr capacity than habitat expansion (105.8 million parr; Table 5 ). Chinook parr capacity estimated from applying 5200 fish per hectare to the total wetted area for each reach produced a lower total capacity than either expansion or quantile random forests (76 million parr across all watersheds). However, the Upper Willamette HUC-8 watershed alone accounted for much of the difference between the methods, with over 16 million parr predicted using quantile random forest, compared to 7.4 million and 5.8 million for habitat expansion and 5200 per hectare, respectively. For many watersheds, the estimates were very similar among methods; the coefficient of variation among was less than 20% for 27 of 57 watersheds. There was a small but significant (R 2 = 0.11, F [1,56] = 6.82, p = 0.011) increase in CV with increasing proportion of side channel area, but no increase in CV with increasing total habitat area (R 2 = 0.01, F [1, 56] = 0.39, p = 0.53).
Using the habitat expansion approach, we estimated potential changes in Chinook parr capacity due to restoration by increasing the current floodplain width to include rangeland and cropland. This scenario increased CRB-wide capacity by 9.4% over contemporary estimates, although there were a few watersheds with increases of 50% or more, notably the Lemhi R. (81%), and Upper Grande Ronde (70%; Table 5 ; Fig. 12 ).
Discussion
Currently, multiple CRB Chinook salmon population trends suggest density dependent processes may be limiting freshwater growth and survival despite historically low population abundances, indicating that habitat quality or quantity may be limiting recovery (Walters et al. 2013b; ISAB 2015) . One important constraint to population recovery may be loss of side channels that often provide high quality rearing habitat for juvenile salmon and other stream fishes. However, despite widespread urbanization and agricultural development, loss of floodplain habitat has not been ubiquitous in the CRB. Our analysis demonstrates that watersheds vary widely in historical, contemporary, and restoration potential of side channel habitats. In many watersheds, side channels were likely never prominent habitats, as valley confinement has limited their creation or maintenance, restricting their potential for floodplain habitat restoration. For example, tributaries of the upper Columbia River and Clearwater River have few areas where widespread floodplain reconnection would provide additional side channel habitat because those streams are naturally confined (Fig. 12 ). However, we note that areas with little floodplain restoration potential should not be viewed as without other restoration opportunities. Naturally confined stream channels operate as collectors of allocthonous material that increases the productivity and diversity of more complex habitats downstream (Bellmore and Baxter 2014) . In these areas, other process-based restoration options are available to restore stream complexity and function (e.g., natural flow patterns, wood delivery, or riparian function, Beechie et al. 2010) . Additionally, the importance of discharge in our models indicates that sufficient stream flow is needed to create or maintain side channels regardless of floodplain width. Although we did not distinguish between flowregulated and flow-unregulated river reaches, deviations form a natural flow regime in many watersheds may reduce the connection and ecological function of floodplain habitats, which would limit their restoration value (Galat et al. 1998) .
In watersheds with more extensive historical floodplains, our model suggests that there are widespread floodplain restoration opportunities. While reconnecting entire floodplains is impractical in many areas, our analysis demonstrates that in many streams a modest increase in active channel width is likely to substantially increase the amount of side channel. On average, the greatest improvement in side channel presence and area was found with a floodplain width increase of ϳ250 m (Figs. 6 and 8) .
Where feasible, large-scale floodplain restoration activities can lead to increases in productivity (Bellmore et al. 2017) , and Chinook salmon populations experiencing density dependence at contemporary spawner numbers may benefit from increases in rearing habitat (Walters et al. 2013b) . Floodplains are known to contain a variety of prominent rearing habitats for salmon parr (Beechie et al. 1994; Morley et al. 2005; Bellmore et al. 2013) . Within floodplains, side channels can provide increased growth opportunities (Sommer et al. 2001; Giannico and Hinch 2003; Jeffres et al. 2008) as well as refuge from predation, because shallower side channels are generally unoccupied by larger piscivorous species (Bellmore et al. 2013 ). While we found no studies that empirically evaluated the benefit of constructed or reconnected side channels for Chinook salmon, studies of natural systems showed that densities of Chinook salmon during winter were an order of magnitude higher than in the adjacent main stem or nearby tributaries (Martens and Connolly 2014) . Moreover, seasonally inundated floodplain habitats have demonstrated higher growth and survival of juvenile Chinook salmon (Sommer et al. 2001) , indicating a potential value to salmon beyond habitat capacity.
Mainstem habitats comprise the majority of wetted habitat in our model, and their value for rearing fish cannot be understated. However, there are several potential improvements in the estimation Fig. 9 . A comparison of measured side channel width (x axis) and predicted side channel width (y axis) from the random forest regression model for 128 novel sites that were not included in model development. Solid line indicates 1:1 correspondence between measurements and model output. of mainstem habitat area that could be made. First, we were not able to measure the width of favorable flow and depth from satellite imagery, so our estimates rely on measurements of bar and bank edge widths from the Chehalis River in coastal Washington State. Bank and bar forming processes are likely similar in the Chehalis River and CRB, but measuring bar and bank widths at various locations in the CRB would increase confidence in the model estimates of edge habitat area. Second, we were unable to address other habitat types such as hydromodified banks and backwaters, which decrease and increase rearing capacity, respectively (Beamer and Henderson 1998; Beechie et al. 2005a ). Measurement of these features may improve model accuracy, although total capacities of these habitat types at the watershed and larger spatial scale are likely very small relative to the capacity of natural banks and bars. Although we estimated the potential for increases in rearing habitat resulting from floodplain reconnection, the benefits of floodplain reconnection extend beyond the creation and maintenance of side channels. Floodplain habitats tend to increase the overall heterogeneity of riverine habitats through periodic inundation (Ward et al. 1999; Tockner and Stanford 2002) , which produces a diverse and productive link between aquatic and terrestrial ecosystems (Junk et al. 1989) . Therefore, where geomorphologically appropriate, allowing floodplain reconnection will directly benefit riverine vertebrates and invertebrates through increased growth and survival (Galat et al. 1998; Tockner et al. 2010) . However, successful floodplain reconnection requires that appropriate flow, sediment supply, and wood delivery, along with intact riparian habitat in the reconnected area to allow the diversity of biotic and abiotic function needed for their long-term viability. Unfortunately, in many parts of the CRB impoundments or water diversions may sufficiently restrict flow and sediment such that the dynamism of stream channels might continue to be reduced, despite floodplain reconnection.
Our habitat capacity estimates result from several separate habitat models and sources of parr density data. Therefore, multiple sources and scales of uncertainty exist in our modeling process. At the smallest spatial scale, previous work has shown a high degree of accuracy (e.g., R 2 = 0.98; Beechie et al. 2005b ) measuring stream widths from aerial photography of similar resolution to our satellite imagery. A larger source of error is the variation in image collection dates, as stream widths and side channel inundation will vary with seasonal flows. Although varying image dates add error in our analysis, a time series of images over a range of discharges will eventually lead to better estimates of bank slopes and edge habitat. We also chose to measure wetted habitat along three evenly spaced transects perpendicular to each reach, rather than digitizing all habitats in each sample reach reach. This faster method classified habitats well (see online Supplementary material S1-S3 1 ), although very small side channels may have been missed. The benefit of this streamlined approach is that it allowed us to measure 2093 sites stratified across the entire CRB. Although there is uncertainty in our predictions of mainstem and side channel habitats in unmeasured reaches, there appears to be little bias in our estimates ( Figs. 3 and 9 ). Ultimately we were not able to propagate the error from all of these sources to create a confidence interval for our aggregated estimates, but the goal of our approach was large-scale estimates of habitat capacity, not reach specific estimates that would be better served by on the ground site visits. Our watershed scale estimates would benefit from validation with independent measures of habitat area that are currently unavailable at comparable scales.
A larger source of uncertainty in habitat capacity analyses likely arises from variation in available fish density data. Although a review of published and unpublished fish density data by T. Beechie and J.N. Thompson resulted in habitat-specific (i.e., bank, bar, midchannel, side channel) capacity estimates, these data were primarily collected outside of the CRB, in Puget Sound rivers that may not be representative of CRB habitats. The most extensive CRB spring Chinook fish density data come from ISEMP and were included in our quantile random forest approach to applying parr densities to each reach. Although these data include electrofishing densities from hundreds of sites throughout the CRB, even the 90th percentile of data may not represent capacity in populations that are far below their historical spawner density. Additionally, ISEMP densities are aggregated at the reach scale, and separate densities for habitats within a reach are not avail-able. Average parr capacity of 5200 parr per hectare from Thorson et al.'s (2014) hierarchical model of several decades of snorkel based fish counts in Idaho streams provided another independently derived parr capacity. However, their model selection indicated a population specific capacity was warranted, possibly owing to differences in habitat quality among streams. The mild increase in CV we observed among capacity estimates with increasing proportion of side channel habitat is likely a factor of the higher value placed on side channel habitats in habitat expansion Fig. 10 . Contemporary summer parr rearing capacity of spring Chinook within the domain currently accessible to anadromous fishes as determined by the habitat expansion approach of estimating mainstem and side channel habitat and assigning fish densities to each habitat at the 200 m stream segment scale. For graphical purposes, estimates are aggregated at the HUC-10 watershed boundary spatial scale. Black lines indicate regional HUC-6 watershed boundaries. Fig. 11 . Contemporary percentage of total estimated spring Chinook parr rearing capacity attributed to side channel habitat. Estimates were made with the habitat expansion approach and aggregated at the HUC-10 watershed spatial scale.
Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) compared to the single value applied to all habitats in a reach with quantile regression and fixed density approaches. One important assumption of the habitat capacity approach is that all habitats are at a fully seeded capacity, a state that is unlikely to occur in the wild at larger spatial scales but provides a useful index for comparisons. In this sense habitat capacity is distinct from population capacity, which is an asymptotic or longterm average capacity, derived from fitting demographic data to models that assume density dependence (Ricker 1954; Beverton and Holt 1957; Barrowman and Myers 2000) . This important difference between habitat and population capacity makes validation of habitat capacity estimates from monitoring data impractical, as observations of abundance at the population level are a composite of fully seeded and underseeded habitats and density dependent processes therein. It is our expectation, therefore, that habitat capacity estimates exceed population capacity estimates in most circumstances. That said, comparisons between habitat capacity and population capacity could inform us whether limitations on the population are occurring at the spawning or pre-parr stage (population capacity Ͻ Ͻ habitat capacity) or at the overwintering, smolt, or marine survival stage (population capacity ϳ habitat capacity). Estimation of habitat capacity, and the change in habitat capacity that may result from management or restoration actions, allows for a direct comparison of the benefit of various options independent of contemporary population dynamics (Walters et al. 2013a) .
Often, individual restoration projects may be too small to detect a beneficial response, or other limiting factors in the watershed constrain their benefits (Roni et al. 2002; Beechie et al. 2008) . Recently, monitoring and modeling efforts have been used to quantitatively evaluate the potential benefits of habitat restoration at larger spatial scales (e.g., Bartz et al. 2006; Wall et al. 2016; Justice et al. 2017; Wheaton et al. 2018) . Similarly, our estimates of floodplain restoration potential are a first step in providing managers with guidance for focusing floodplain restoration efforts on areas with the greatest potential for increasing salmon abundance and survival. These results can be further combined with life-cycle models to demonstrate the potential benefits of restoration for increases in adult salmon abundance Scheuerell et al. 2006) , as well as to identify target reaches of high floodplain restoration potential within watersheds. Both types of studies are underway in the CRB, and the combination of our results with those of other studies should increase the costeffectiveness of restoration efforts.
We recognize that reconnecting side channels and other floodplain habitats is only one of many habitat restoration actions that are needed for salmon recovery. A thorough body of work has related increased abundance of wood in streams to higher habitat quality for salmonids (Montgomery et al. 2003; Whiteway et al. 2010; Roni et al. 2015) . Additional studies highlight the importance of riparian restoration for decreasing summer stream temperatures and ameliorating climate change effects on stream temperature (Beechie et al. 2000 (Beechie et al. , 2013 . While these types of actions are important for realizing the full benefits of side channel restoration, these actions without floodplain restoration will likely achieve a more limited benefit and provide less resilience to future climate change effects (Beechie et al. 2013; Bellmore et al. 2017) .
In addition to ecosystem needs, restoration project selection relies on available funding, feasibility, and level of interest by practitioners. Funding for habitat restoration in Pacific Northwest streams is generally top-down, originating with a handful of Federal agencies; yet decision-making about habitat actions is often bottom-up and decentralized, with projects chosen by local entities at scales smaller than ESUs. This piecemeal project selection process has resulted in a lack of coordination and planning for restoration at population scales, resulting in potential mismatch between ecological need and funded projects Barnas et al. 2015) . Further studies estimating the restoration potential and resulting potential demographic response for other restoration types throughout the CRB are needed. This approach would allow for a more formal analysis of the relative or synergistic effects of each restoration option and a cost-benefit analysis to focus restoration funds toward more effective projects.
Fig. 12.
Estimated increase in spring Chinook parr capacity from contemporary conditions resulting from floodplain reconnection in historical floodplain currently occupied by rangeland, cropland, and small unimproved roads. Estimates were made with the habitat expansion approach and aggregated at the HUC-10 watershed spatial scale.
